This paper describes a high-speed motion tracking system based on the full-search correlation matching. Incorporating Advanced Correlation Processor that computes more than 500 motion vectors per frame, the system allows detection and tracking of moving objects at video rate. The system is implemented on a single board and can be mounted inside of a PC. It is thus compact and of low cost, and is well suited for a wide variety of applications such as automatic surveillance, traffic monitoring, and sports play analysis.
Introduction
Motion tracking is an important image processing technique that has a variety of applications including security monitoring, traffic surveillance, and robot control. In those applications, tracking has to be performed in real time while the tracking operation generally involves a large amount of computational burden. The author has developed a highspeed image processing system, namely the Tracking Vision System (TRV), incorporating a dedicated processor that enables detection and tracking of moving objects at video rate. In this paper, features and functions of the TRV are briefly reviewed, and some application examples are shown.
Tracking Algorithm
Motion tracking of the TRV is based on the full-search correlation matching with sum of absolute differences. As shown in Fig. 1 , a reference block in a certain frame is compared with a candidate block in the next frame, while the candidate block is searched over a search window. The where R is the reference block and S is the search window.
Inoue et al. first applied this algorithm to visual tracking and has developed a transputer-based vision system using a commercially available motion estimation processor [1] [2] .
Following their work, our system is an enhanced version that significantly improves the tracking performance utilizing a dedicated correlation processor described in the next section.
Advanced Correlation Processor
The TRV [4] features the Advanced Correlation Processor (ACP) shown in Fig.2 for providing real-time computation of motion vectors. The ACP is a systolic array processor that is able to compute motion vectors of an 8nx8m reference block. The range of the motion vector is -8 to 7 pixels horizontally and vertically. The processing time for the correlation computation with an 8x8 reference block (n = m = 1) is 48 Review C microseconds at the maximum clock rate of 16MHz. With a 16x16 reference block (n = m = 2), it takes four times as much. The CPU can specify the position of the reference block and the search window for each correlation computation. The distortions are stored in a 256x24-bit distortion memory that can be read from the CPU. Moreover, color correlation is also supported by repeating the computation with each color component, e.g. R, G, and B, respectively, and by accumulating the distortions.
Tracking Vision Boards
The TRV is a single board system containing the ACP, an A/D converter, a D/A converter, and three image memories. Memory rotation is performed using the three image memories to execute image capturing and the correlation computation in parallel. At a certain frame, for example, memory #1 is used for image capturing and memory #2 and #3 are used for correlation computation. At the next frame, memory #2 is used for image capturing and memory #3 and #1 are used for correlation computation. The memory rotation is fully controlled by the ACP without any additional circuits between the ACP and the image memories.
The TRV is made up of two different types of boards: the VME type which conforms to the VME bus, and the PCI type which conforms to the PCI bus that can be mounted inside of a PC. Figure 4 shows the outlook of each board and Table 1 shows the specifications. The VME type supports 24-bit color data and the PCI type supports 16-bit color data so that both types are capable of capturing color images in the RGB format.
Operation Examples
Based on the correlation computation, the TRV allows three basic functions. (1) Motion tracking To track a target, a template image of the target is first captured and then the target position is estimated frame by frame using the correlation computation with the fixed template. Fig.5(a) shows an example of TRV's tracking operation where a white block cursor follows a moving car at video rate. (2) Optical flow computation More than 500 motion vectors are obtained frame by frame using the TRV. Fig.5(b) shows an example of motion vector computation at a grid of points to form an optical flow field. The optical flow provides useful information regarding the existence of a moving object as well as its approximate size. (3) Pattern matching Correlation computation is also used for pattern matching as shown in Fig.5(c) , where one of the three signs from scissors, paper, or stone is identified and displayed. A large search window is used by repeating the correlation computation at different positions and finding the global minimum with software.
Actual applications are developed by combining the three basic functions in a various way. Fig.6 shows a simple example of detection and tracking of an incoming person. In this example, motion vectors are first computed frame by frame. When motion is detected, a template block is extracted from the location that shows motion and the tracking is initiated using that template block. Since the template size is fixed to 64x64 in this experiment, the template is taken from the upper portion of the moving area assuming that the portion corresponds most likely to the human head.
When the human head rotates, it is obvious that the tracking with a fixed template fails. In this example, a new template is captured at the moment when the correlation value starts to decrease. This method significantly improves the stability of the tracking in the scene shown in Fig. 6 , though more improvements might be needed to make it work in a wide variety of situations.
Applications
The TRV is a powerful tool for robotics researchers. TRV's high-performance that provides real-time tracking and optical flow computation enables vision-based control strategies in robotics research to be tested and demonstrated on real robots in real world and in real time. In fact, adaptive visual servoing for legged robots is proposed and demonstrated making use of the TRV [5] . A set of visual behaviors are defined with the correlation computation and is used to navigate a mobile robot [6] . Also, a robotic room is being developed where the room itself recognizes human activities utilizing a human tracker [7] . Security monitoring and surveillance is one of the practical applications for the TRV. The example shown in the former section directly leads to an intruder detection system when used in a restricted area of a building or airport, for instance. Fig.7 also shows an example that monitors traffic of vehicles in a two-lane street [3] . After obtaining motion vectors at 390 points, independently moving regions are segmented together based on the length and direction of the vectors. Template images are captured from the segmented region and then tracking is conducted. The system is able to report the number of vehicles and their speed in each lane. When the camera is set at a crossing, it is also possible to report which direction the vehicle turns to.
Sports player tracking is also an interesting application for the TRV. Fig.8 shows an example of tracking American football players, in which the TRV displays the trajectories of the players specified by an operator with a mouse. This system will promisingly help sports teams analyzing the play and establishing team strategies.
Conclusion
A vision system that is able to detect and track moving objects at video rate is described. Based on the latest LSI technology, single-board implementation is achieved sustaining the unprecedented tracking performance required for real-time motion analysis. The TRV's applications include robot control, security monitoring and surveillance, and sports analysis as well as auto-cruise control toward the Intelligent Transportation Systems. 
